Weight changes in Al-2 and 3.5 mass% Mg alloy samples were measured by thermogravimetric analysis. X-ray diffractometer tests were used to investigate the progressive development of thermally formed oxide films on the samples. Both samples were first heated in a dry air atmosphere. The oxide film formed on the Al-2 mass% sample comprised -alumina, MgO, MgAl 2 O 4 , and gibbsite. The film formed on the Al-3.5 mass% sample contained large quantities of MgO, but no MgAl 2 O 4 .
Introduction
The aluminum and magnesium in alloys become active when they are heated in air or come into contact with oxygen. Aluminum alloys containing 1$4% Mg are widely used in industry. For example, AA5052 (2.5% Mg) alloy is used to make cases, bezels, and housings for laptops, and stands for desktops. AA5182 (4$5% Mg) and AA3004 (0:8$1:3% Mg) alloys are used to make the bodies and tops of aluminum beverage cans.
1) The study of thermally formed oxides can provide a basic knowledge for understanding the oxide formed during the processes of recycling and/or melting AlMg alloys.
When aluminum is heated to a temperature above 723 K in air, an oxide film develops. The oxide film formed is initially amorphous and -alumina crystals develop at the metaloxide interface. [2] [3] [4] [5] Shih et al. conducted thermogravimetric analysis (TGA) and X-ray powder diffractometer analysis on pure aluminum samples that had been heated in an air atmosphere from room temperature to 883 K. They found an apparent weight gain at 832 K due to the transformation of gibbsite to diaspore. They found the thermally formed oxide films to be comprised of complex oxides: gibbsite, diaspore, -Al 2 O 3 , and -Al 2 O 3 . 6) When Al-Mg powders are sintered, nano-sized crystalline precipitates are formed at the interface. 7) These precipitates could be MgAl 2 O 4 or MgO depending on the sintering temperature and Mg content. Spinel can only be observed in a sample where the Mg content is less than 2.5%. 7, 8) Magnesium causes a reduction in the amount of surface oxide film that forms on metallic aluminum, possibly by the reaction: 3Mg þ 4Al 2 O 3 ! 3MgAl 2 O 4 þ 2Al or 3Mg þ Al 2 O 3 ! 3MgO þ 2Al. 9) When the Mg level is high, the MgO stabilizes and is present at the interface. Very few researchers have addressed the dynamic transformation of the surface oxidation of Al-Mg alloys during heating.
Nitrogen is commonly used as the degassing agent during the production of aluminum alloy castings. Huang et al. found that after nitrogen degassing, the inclusion of particles due to bubbles exploding at the surface increases in Al-7Si melts.
10) The nitrogen gas interacts with the aluminum to form AlN, which is trapped in the aluminum melt and the resultant casting. The interaction of nitrogen with the aluminum alloy melt has drawn a lot of interest, especially in relation to the melting of aluminum and the making of AlN metal matrix composites. 11, 12) The entrapped oxide films, which can be diagnosed by ultrasonic vibration treatment, appear as foggy marks on the treated surface. 13, 14) By measuring the area ratios of foggy marks (oxide films) on the cross sections of different castings, the effects of degassing and fluxing on the quality of aluminum alloy castings can be quantitatively assessed. [10] [11] [12] [13] [14] [15] This study aims at examining the relationship between a thermally formed oxide film and the entrapped oxide film in aluminum castings.
Experimental Procedure
The Al-2 and 3.5 mass% Mg alloy (100 Â 100 Â 6 mm 3 ) cakes used for deposition treatment were commercially produced and contained minor amounts of Si and Fe; see Table 1 . Prior to the experiments, the prepared caked were solution-treated at 693 K for 8 h and then quenched in water.
The cakes were machined into the desired sizes: 10 Â 10 Â 5 mm 3 cubes for SEM, ESCA, and EPMA analyses; 10 Â 10 Â 1 mm 3 for XRD testing; and 6 mm (diameter) Â 1 mm for TGA testing. All of the surfaces of the samples were dry polished with abrasive paper with grit sizes ranging from P400 to P2000. The polished cubes were heated in a muffle furnace with a controlled heating atmosphere (described in Ref. 6)) at 773 K for $25 h.
The oxide film that was formed on the polished surface was observed by using an optical microscope and a scanning electron microscope. The composition of the oxide film on the surface was analyzed by Auger electron spectroscopy. A glancing incident angle (GIA) X-ray powder diffractometer was utilized for testing the constituents of the surface oxide film. A copper target was used in the test; the wavelength and theta angle were determined to be 0.154 nm and 1 , respectively. After the samples were prepared, they were polished (to P2000) in order to prepare them for further testing. TGA (with a Perkin Elmer: TGA-7) was carried out to record the weight variations in the samples heated in dry air and a nitrogen gas atmosphere. The air or nitrogen gas flow rate was 49.8 mL/min, and the heating rate was 8.3 K/ min; the sample was held for 6 h at 773 K. After the TGA test, the samples were removed to conduct ESCA analyses, using a Thermo VG-Scientific Sigma Probe.
For other tests, the polished alloy samples were placed in a furnace with a quartz tube (with a volume of 2100 cm 3 ). In the experiment with the nitrogen gas atmosphere, air was pumped out of the chamber; subsequently, commercially available pure nitrogen was introduced into the chamber. We followed the heating procedure used in the TGA testing. The samples were heated using different time spans. After the thermally treated samples were cooled to room temperature and removed from the furnace, they were subjected to X-ray diffractometer tests and SEM observation. The hydrogen contents of the alloy samples were determined by HORIBA (EMGA-521); see Table 2 . Cubes (10 Â 10 Â 7 mm 3 ) of alloys were polished and subsequently heated at 773 K for 6 h in different gases in order to form oxide layers on their surfaces. Blocks of pure aluminum (99.85%) of dimensions 25 Â 25 Â 30 mm 3 (99.85%) were prepared, and all their surfaces were polished. A hole was drilled in each block in order to insert a specific cube sample. Each block was then placed in a porcelain crucible, and the crucible was covered. All the crucibles were heated in a muffle furnace at 1033 K for 4 h and then cooled to room temperature. The solidified samples were cut into two cakes. The cross sections of the cut samples were polished and subjected to the ultrasonic treatment described in Refs. 13) and 14) in order to reveal the foggy marks of the entrapped oxide film, and the area ratios of the oxide films were determined. Three cross sections of each sample were considered and the average value was determined in order to assess the quantity of the entrapped oxide film formed from the thermally formed oxide. Figure 1 shows the TGA test results for the Al-2 and 3.5 mass% Mg alloy samples (curves (a) and (b)) heated in a dry air atmosphere. Santos et al. described the thermal transformation sequence of the aluminum hydroxides and indicated that gibbsite
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was formed when the heating temperature increased up to 300$400 K. 16) During heating, the Al-2 mass% Mg alloy sample hydrated to form gibbsite (Al(OH) 3 ¼ 77:98 g/mol) in a short time, which caused the weight of the sample to increase slightly (see Fig. 1 curve (a) and sample ''A'' in Fig. 2(a) ). With an increase in temperature, gibbsite was subjected to the reaction Al(OH) 3 ! AlO(OH) þ H 2 O and was transformed into boehmite (AlO(OH) ¼ 59:989 g/mol), and then into -alumina (101.96 g/mol) by the reaction 2AlO(OH) ! Al 2 O 3 þ H 2 O. The dehydration reaction decreased the sample weight.
Dehydration was likely to have been completed after a holding time of 0.83 h, and the sample weight change reached a minimum. Boehmite decomposed into -alumina after gibbsite was heated in air for 24 h at 803 K. 17) Gamma aluminas formed on the top layer of the oxide film (see Fig. 1 and sample ''B'' in Fig. 2(a) ). Further heating significantly increased the sample weight and surface oxide film thickness.
Figures 3(a) and 3(b) show the ESCA analyses for the Al-2 mass% Mg and Al-3.5 mass% Mg samples, respectively, after the samples were held at 773 K for 1 h. The top surface of the oxide film was rich in oxygen and magnesium. The subsurface of the oxide film on the Al-3.5 mass% Mg alloy sample contained higher amounts of Mg than did the Al-2 mass% Mg alloy sample. In the former sample, the high influx of Mg moved (or vaporized) from the substrate to the oxide film during heating. Magnesium diffused from the substrate to react with OH to form brucite (Mg(OH) 2 ¼ 58:320 g/mol) within the oxide film (see sample ''B'' of Fig. 2(a) ). The brucite was not stable at 773 K and dehyroxylated to form periclase (MgO ¼ 40:300 g/mol), as shown in sample ''C'' in Fig. 2(a) . After increasing the heating time to 2.7 h, the oxide film comprised MgO, Mg-spinel, andalumina, along with some gibbsite. the thermally formed oxide film was likely covered by (or in contact with) MgO and/or reacted with MgO to form MgAl 2 O 4 . As the heating time was increased to 6 h, the intensity of the MgAl 2 O 4 concentrations increased significantly, as shown in sample ''D'' of Fig. 2(a) . When the holding time was prolonged to 25 h (sample ''E'' in Fig. 2(a) ), the oxide film on the Al-2 mass% Mg alloy sample was comprised of complex oxides, includingalumina, MgO (from the dehydroxylation of brucite), MgAl 2 O 4 (attributed to the Mg reducing the alumina), and gibbsite. For the Al-3.5 mass% Mg alloy sample heated in dry air, the weight varied in a pattern similar to that of the Al-2 mass% Mg sample; gibbsite formed first in a short time (see sample ''A'' in Fig. 2(b) ). With the formation of gibbsite, the concentration of magnesium at the interface between the substrate and the oxide film rose to promote an influx of magnesium diffusing into the oxide film. Brucite could therefore form readily during the early stage of heating. The hydrogen content of the metal matrix was relatively high in the Al-3.5 mass% Mg alloy sample compared with the Al-2 mass% Mg alloy sample (see Table 2 ). Gibbsite (Al(OH) 3 ) production could therefore persist (or be stabilized) for a longer holding time (i.e. the transformation into -alumina would be delayed); compare the intensities shown in Figs. 2(a) and 2(b) for sample ''B'' at (2 theta) about 37$39 and 45$46 , which are the main peaks foralumina. The high content of Mg supplied (or vaporized) from the substrate to the oxide film likely reacted (1) via the dehydroxylation of gibbsite to form brucite, then periclase, and/or with (2) oxygen from the air to form periclase. The formation of MgO could mean a great heat gain (Mg þ O ! MgO; ÁH ¼ À601:49 kJ/mol). 18) Heat released from the formation of MgO enhanced the dehydration of the hydrated oxide and sped up the rate of oxide formation. This means that a large amount of MgO could be produced (see sample ''C'' in Fig. 2(b) ) and the weight gain of the sample was remarkable (see Fig. 1 ). The large amount of MgO within the oxide film tended to increase the contact and so was more likely to cover the primarily-formed -alumina. The MgO functioned as a barrier that blocked the reduction reaction of Mg from -alumina. As a result, no detectable MgAl 2 O 4 was produced (see sample ''D'' in Fig. 2(b) ). The oxide film consequently consisted of complex oxides of -alumina (mostly surrounded by MgO), MgO, and gibbsite. In addition, the dehydroxylation of the brucite was accompanied by a large reduction in the matrix volume, leading to the formation of a loose oxide film with cracks and voids. 19, 20) Cracking could be readily seen in the thermally formed oxide film.
Gibbsite dehydrated from the top surface of the oxide film, while magnesium diffused (or vaporized) from the metal substrate, leading to the formation of brucite Mg(OH) 2 instead of boemite (AlO(OH)), since boehmite can be stable up to 500 K and brucite up to 900 K. During heating and holding, high amounts of magnesium coming from the metal substrate of the Al-3.5 mass% Mg alloy sample led to the obtaining of brucite and periclase. In addition, the reaction
21) After sufficient amounts of MgO developed within the oxide film, the -alumina, which was obtained in an early stage of heating, would therefore be covered by MgO and the reduction reaction of Al 2 O 3 þ 3/4Mg ! 3/4MgAl 2 O 4 þ 2Al was blocked.
Figures 4(a) and 4(b) show the Al, Mg, and O mapping in the thermally formed oxide film on the Al-2 and 3.5 mass% Mg alloy samples heated for 25 h, respectively. In areas rich in oxygen and magnesium, and with some amount of aluminum, MgAl 2 O 4 is visible (see Fig. 4(a) ). In areas rich in oxygen and magnesium, but lacking (or with minor amounts) aluminum, MgO and/or -alumina covered with a layer of MgO is visible (as indicated by an arrow in Fig. 4(b) ).
3.2 Thermally formed oxides in nitrogen gas atmosphere Figure 5 shows the TGA test results for the Al-2 and 3.5 mass% Mg alloy samples (curve (a) and (b) ), heated in a nitrogen gas atmosphere. The Al-2 mass% Mg alloy sample showed a significant weight gain for a heating time of less than 1.94 h, which decreased until 6 h, before increasing again as the holding time was extended. The Al-3.5 mass% Mg alloy sample showed a minor weight gain after a short heating time. But the weight decreased up to 1.94 h, before increasing as the holding time was extended. There was a remarkable difference in the weight gain shown between the two samples after a short heating time.
For the Al-2 mass%Mg alloy, the thermally formed oxide on sample ''A'' mainly comprised MgO, AlN, some gibbsite, and minor amounts of Mg 3 N 2 (100.93 g/mol). Increasing the holding time for sample ''B'' increased the intensity of the AlN and MgO. Further increasing the holding time for sample ''C'' increased the intensity of the Mg 3 N 2 (see Fig. 6(a) ).
The oxide film on the Al-3.5 mass% Mg alloy sample was composed of -alumina, MgO, and gibbsite. The thermally formed oxides on the Al-3.5 mass% Mg alloy samples were thicker and yielded greater weight gains than the Al-2.0 mass% Mg alloy samples after a 2.9 h heating time. The Al-3.5 mass% Mg alloy contains greater amounts of hydrogen than does the Al-2 mass% Mg alloy: 0.65 versus 0.45 cm 3 /100 g Al (see Table 2 ). When the former sample was heated and held at 773 K, hydrogen released from the metal substrate led to the formation of significant amounts of gibbsite on the sample's surface (see sample ''A'' of 6(b) ). Gibbsite formed instead of brucite and was likely to persistently be produced within the film during heating: Al(OH) 3 :ÁG 400 K ¼ À1106:9 kJ/mol; Mg(OH) 2 :ÁG 400 K ¼ À802:3 kJ/mol. 22, 23) The dehydration of gibbsite offered limited amounts of OH within the oxide film to react with the Mg that was diffused (or vaporized) from the metal substrate to form MgO. Some -alumina (from the dehydration of the gibbsite), associated with a small amount of MgO, was detected, as shown in sample ''A'' of Fig. 6(b) . Zheng et al. explained that N 2 cannot be chemisorbed when the oxygen content in an N 2 atmosphere exceeds a threshold limit ($100 ppm), and significant amounts of AlN cannot be formed. 17) MgO could continue to form within the film. After the oxygen content was completely consumed within the oxide film, AlN formed by the reaction 2Al þ N 2 ! 2AlN (ÁG f ¼ À473:34 kJ/mol at 773 K and AlN ¼ 40:990 g/ mol), which increased the sample weight (see the high concentrations of MgO and AlN in sample ''B'' of Fig. 6(b) and Fig. 5 curve (b) ). Further heating (holding) increased the concentration of AlN (and/or MgO) (see sample ''C'' in Fig. 6(b) ).
The Al-2 mass% Mg alloy sample contained a lower hydrogen content than did the Al-3.5 mass% Mg alloy sample. The driving force for forming gibbsite during heating was greatly reduced (compare Figs. 6(a) and 6(b) ). Therefore, only minor amounts of -alumina could be produced from gibbsite dehydration, in contrast to the case of heating Al-3.5 mass% Mg. The opportunity to form MgO, AlN, and Mg 3 N 2 after a short heating time in a nitrogen atmosphere was therefore increased. Consequently, the sample weight gain was much more significant in samples subjected to a short heating time (Fig. 5 ). Figure 7 shows the morphologies and the measured area ratios of the oxide films trapped in the solidified samples. The sample cakes used of pure Al block containing Al-2 mass%Mg and Al-3.5 mass% cubes heated in air and nitrogen gas respectively; see experimental procedure. The pure aluminum block shows few foggy marks (0.1%) prior to melting and fusion with alloy cubes. Sample cake containing Al-3.5 mass%Mg alloy cubes with thermal oxide layers possess a higher area ratio of foggy marks (12:6$13:2%) than those containing Al-2 mass%Mg (7:0$8:3%). The oxide films in the former samples are mostly of the flaky or cloudy type. Sections of different samples were polished and carefully observed using an optical microscope. We found dispersed inclusion particles and entrapped oxide films distributed in the matrix of different samples. Figures 8(a) and 8(b) confirm that MgO particles trapped in sample containing Al-2 mass%Mg cube heated in air and AlN in sample containing Al-2 mass%Mg cube heated in nitrogen gas. In addition, pores can be clearly observed in the inter-dendritic region of samples containing nitride (AlN), as shown in Fig. 9 . The formation of pores can be explained by the following reaction: 4AlN þ 3O 2 ! 2Al 2 O 3 þ 2N 2 (ÁG f ¼ À1886:808 kJ/mol at 773 K).
Morphologies and area ratios of entrapped oxide films
Conclusion
The oxide film on the Al-2 mass% Mg alloy samples heated in air was composed of complex oxides, includingalumina, MgO, MgAl 2 O 4 , and gibbsite. The oxide film on the Al-3.5 mass% Mg alloy samples was composed of -alumina (surrounded by MgO), MgO, and gibbsite. The thermally formed oxides on the Al-3.5 mass% Mg alloy samples (1) were thicker, and (2) yielded greater weight gains than the Al-2.0 mass% Mg alloy samples after a 2.9 h heating time.
The Al-3.5 mass% Mg alloy samples had greater amounts of hydrogen than did the Al-2 mass% Mg alloy samples.
After heating in a nitrogen gas atmosphere, the latter samples yielded relatively low amounts of gibbsite and -alumina, but high amounts of AlN and/or MgO, displaying a significant weight gain after a short heating time (<1:9 h). The as-cast samples containing Al-3.5 mass%Mg cube possessed a large area ratio of cloudy-type oxide film. Micropores can be clearly seen on the cross section of the as-cast sample that contained a base metal with AlN on the surface oxide.
